Lesch-Nyhan disease (LN), a rare X-linked recessive disorder of purine synthesis, is characterized by the virtual absence of hypoxanthine guanine phosphoribosyl transferase (HPRT), one of the major enzymes of the salvage pathway of purine synthesis. Although HPRT activity is found in all tissues, highest levels are found in the brain and in the basal ganglia in particular. The human HPRT gene lies on the X chromosome (Xq26-27) and contains nine exons distributed over 40kb of DNA. The majority of the genetic lesions are point mutations, which affect the ability of the enzyme to catalyze the conversion of hypoxanthine and guanine to their respective nucleotides, inosinic acid and guanylic acid. In the absence of HPRT activity, de novo purine synthesis is increased, leading to the overproduction of uric acid. The clinical presentation includes hyperuricemia and a neuropsychiatric syndrome of choreoathetosis, dystonia, and compulsive aggression against self and others
Lesch-Nyhan disease (LN), a rare X-linked recessive disorder of purine synthesis, is characterized by the virtual absence of hypoxanthine guanine phosphoribosyl transferase (HPRT), one of the major enzymes of the salvage pathway of purine synthesis. Although HPRT activity is found in all tissues, highest levels are found in the brain and in the basal ganglia in particular. The human HPRT gene lies on the X chromosome (Xq26-27) and contains nine exons distributed over 40kb of DNA. The majority of the genetic lesions are point mutations, which affect the ability of the enzyme to catalyze the conversion of hypoxanthine and guanine to their respective nucleotides, inosinic acid and guanylic acid. In the absence of HPRT activity, de novo purine synthesis is increased, leading to the overproduction of uric acid. The clinical presentation includes hyperuricemia and a neuropsychiatric syndrome of choreoathetosis, dystonia, and compulsive aggression against self and others (Lesch and Nyhan 1964; Rossiter and Caskey 1994) . Despite extensive knowledge on the genetic and biochemical abnormalities associated with LN disease, the mechanisms by which the lack of HPRT produces the typical neuropsychiatric syndrome of LN disease remain unclear.
Although studies of brain function based on postmortem examination, functional neuroimaging, and animal models of LN disease (Goldstein 1986; Breese 1984; Dunnett et al. 1989; Jinnah et al. 1994; Ernst et al. 1996; Wong et al. 1996) have found abnormalities in the dopaminergic system and not in the adrenergic and noradrenergic systems in LN disease, the contribution of the latter cannot be ruled out. The proposition of the adrenergic and noradrenergic involvement in LN disease is based on three types of evidence. The first evidence refers to reports of peripheral noradrenergic dysfunction in subjects with LN disease where unreactive levels of NE to postural stress have been described (Lake and Ziegler 1977) . Secondly, the observed behavioral hyperresponsivity and deficit in attention (Matthews et al. 1995) in LN individuals suggests a dysfunction of the arousal system, which is highly dependent on the integrity of the noradrenergic neurotransmitter system. Lastly, measures of aggression have been associated with levels of adrenergic and noradrenergic tone (Coccaro 1996; Gerra et al. 1996; Haller et al. 1998 ). Relevant to the catecholaminergic neurotransmitter system, low MAO platelet levels have also been reported in LN disease (Breakefield et al. 1976) . No studies have yet reported on epinephrine activity in this disorder. The purpose of this study was to assess peripheral adrenergic, noradrenergic, and MAO indices in LN disease.
METHODS
This study was approved by the Human Subjects Protection Committee of the National Institute of Mental Health, and written informed consent and oral assent were obtained from all parents and subjects, respectively.
Sample
The sample consisted of nine healthy subjects (eight males and one female; age 22.78 Ϯ 9.52 years, 13 to 41 years) and 11 patients with Lesch-Nyhan Disease (11 males; age 14.60 Ϯ 3.95 years, 10 to 20 years) who were part of a positron emission tomography study whose findings are presented elsewhere (Ernst et al. 1996) .
Control subjects were evaluated by physical examination, routine laboratory tests, and structured psychiatric interview (DICA-Adolescent and DICA-Parent for DSM-III-R diagnoses for adolescents; Schedule for Affective Disorders and Schizophrenia, life-long version for adults) (Reich and Welner 1988; Endicott and Spitzer 1978) . Level of IQ was assessed using the Wechsler adult intelligence scale-revised (WAIS) (Wechsler 1981 ) and the Wechsler intelligence scale for childrenrevised (WISC-R) (Wechsler 1974) in control adults and children. In both groups, socioeconomic status was evaluated using the Hollingshead rating scale (Hollingshead and Redlich 1958) . Exclusion criteria included acute or chronic medical illnesses and DSM-III-R Axis-I psychiatric disorders (American Psychiatric Association 1987) .
Subjects with LN disease, referred to our study from around the United States, had been tested for HPRT levels in erythrocytes or fibroblasts at the University of California, San Diego, and Baylor Medical School, Houston Texas. Each patient had documented HPRT levels less than 1 percent of control values. In general, most patients with LN disease are treated with allopurinol, which blocks the production of uric acid. This treatment was not discontinued for the study because there is no evidence that allopurinol interferes with monoaminergic function. In addition, two patients continued their treatment with a benzodiazepine, which they used to reduce self-injury and muscular spasticity. Three others were treated with benzodiazepine, but had not received benzodiazepine for several days prior to the study. Exclusion criteria were medical problems, including chronic seizure disorder, and history of head trauma with loss of consciousness. One boy, included in the study, had had a single seizure several years prior to the study.
All patients presented the neuropsychiatric syndrome typical of LN disease (Anderson et al. 1992; Anderson and Ernst 1994) and were wheelchair-bound in either full or partial restraint one hundred percent of the time. An estimate of IQ was provided using the Stanford Binet Intelligence Scale (Thorndike et al. 1986 ). All patients and controls had an MRI scan that was read as clinically normal by a neuroradiologist.
Procedure
All subjects were asked not to eat or drink after midnight prior to the study. Plasma samples were collected in the morning, from an antecubital venous catheter, after subjects had remained seated for a minimum of 20 minutes. The LN subjects were not moved from their wheelchair. Forty-five minutes after applying a topical anesthetic cream (Marcaine Hydrochloride) to the site of puncture, an intravenous catheter with saline drip was placed in the antecubital vein. A 10-cc blood sample was drawn within the next hour through the IV catheter into tubes containing EDTA, and was stored at Ϫ 80 Њ C until assayed. Although anxiety level was not rated, the LN subjects appeared generally more anxious and agitated than the control subjects during the blood drawing. Baseline vital signs were measured on admis-sion, prior to the study, but not at the time of blood sampling.
Plasma concentration of the monoamines and their metabolites were estimated by high performance liquid chromatography with electrochemical detection. A preextraction procedure using alumina was employed for the catecholamines (Eisenhofer 1986; Murphy 1991 ).
Analysis of the Results
A multivariate analysis of variance (MANOVA) compared NE, EPI, and DHPG measures between the LN group and the control group. Because controls and LN subjects differed in mean age, an exploratory analysis was performed to assess age as a potential covariate for catecholamine blood levels. Group status and age were entered into a multiple regression analysis, where the order of entry was based on the strength of the univariate correlations, and the threshold for entry was set at p Ͻ .25. Age did not produce a significant increase in the amount of variance accounted for above group membership in any of the catecholamine levels and was thus not used as a covariate. In addition, age was not significantly correlated with measures of EPI, NE and DHPG in neither control nor LN group. Correlations of the biochemical measures (that significantly differed between groups) with IQ, an estimate of severity of illness, were tested in each group separately using Pearson coefficient correlation analyses.
RESULTS

Sample
One LN subject was removed from the analysis of the data because his DHPG plasma concentration was seven standard deviations higher than the mean of the DHPG plasma concentration in the LN group. Although this subject was one of the two boys on benzodiazepine treatment, the other boy had plasma catecholaminergic concentrations within one standard deviation of the group means. The female included in the control group had plasma levels values also within one standard deviation of the control group means, and was kept in the analysis of the results.
The LN group was significantly younger than the control group, but similar with respect to socioeconomic status (Table 1) . As already mentioned in the Methods, age did not influence group differences in plasma catecholamine concentrations. As expected, IQ was significantly lower in the LN group compared to the controls. Baseline vital signs showed no statistical differences in systolic or diastolic blood pressures. Pulse rate was significantly higher in the LN patients than in the control subjects.
Plasma Catecholaminergic Concentrations
The overall MANOVA with group as between subjects factor and plasma concentrations of NE, EPI, DHPG as within subjects factors was highly statistically significant (Wilks Lambda ϭ 0.05, F[2,16] ϭ 152.9, p ϭ .000) ( Table 2) . Post-hoc analysis showed that the LN group had significantly higher EPI concentrations by 245 % (F[1,18] ϭ 19.3, p ϭ .000) (Figure 1) , and lower DHPG concentrations by 42 % (F[1,18] ϭ 34.3, p ϭ .000) (Figure 2 ) compared to the control group. Levels of DHPG were not correlated with levels of EPI in either group. Levels of NE did not differ significantly between groups. Results were similar when the outlier LN subject was included in the analysis (data not shown here).
Associations between Vital Signs and Catecholaminergic Blood Levels
No associations were noted between DHPG or EPI levels and baseline systolic pressure, diastolic pressure, and pulse rate in either control or LN group.
Associations between Behavioral Variables and Catecholaminergic Blood Levels
Pearson coefficient correlations showed that IQ was significantly associated with EPI (r ϭ 0.77; p ϭ .009) (see Figure 3 ), and not with DHPG levels. In the control group, IQ was not correlated with EPI or DHPG measures. 
DISCUSSION
The LN group had significantly higher EPI and lower DHPG plasma concentrations than the control group. No group differences were noted in NE plasma levels. Some caveats need to be addressed before discussing the findings. They include a small sample size and large variability of the dependent variables. Also, the difference in age between the two groups may have introduced additional variability. However, the presentation of these findings is justified by the uniqueness of the data, and their potential use for the development of pathophysiological models that can be tested in hypotheses-driven studies.
The interpretation of the EPI findings is limited by the lack of measures of the degree of arousal and stress in the LN subjects. Indeed, the elevation of EPI plasma levels due to psychological stress is well established (Glavin 1983; Stone 1983a,b; Finlay 1995) . However, such elevation does not commonly exceed 200% of basal values in humans. For example, increases of epinephrine plasma levels in healthy adults were shown to reach 59% and 54% of basal levels following laboratoryinduced and real life stress, respectively (van Doornen 1992). The chronic stress that characterizes the lives of LN individuals (e.g., threat of hurting themselves or others when not physically restrained) may result in chronic abnormal adrenergic/noradrenergic function.
Two sets of data suggest that the excess of psychological stress that LN subjects may have experienced relative to control subjects during the experimental procedure was not the only determinant in the abnormally Figure 1 . Scatter plot of individual values of epinephrine plasma concentrations (pmol/ml) in Lesch-Nyhan patients (n ϭ 10) and healthy controls (n ϭ 9) as a function of age. The horizontal line in each diamond represents the group mean, its length the group size, and its height the 95% confidence interval. The female control is indicated by an "F". 3-methoxy-4-hydroxyphenylglycol (DHPG) (pmol/ml) plasma levels in Lesch-Nyhan patients (n ϭ 10) and healthy controls (n ϭ 9) as a function of age. The horizontal line in each diamond represents the group mean, its length the group size, and its height the 95% confidence interval. The female control is indicated by an "F". high EPI levels in these patients. First, the exclusion from the analysis of the two LN subjects who showed the worst reaction to the catheter placement (psychomotor agitation, screaming), even though it occurred at least 20 minutes prior to the blood sampling, did not alter the statistical significance of the differences in EPI levels between the groups. Second, the noradrenergic system (NE, DHPG) would be expected to be also activated, albeit not to the same degree as the adrenergic system, if stress were responsible for sympathetic activation (Elwood 1986) .
Elevated EPI plasma concentrations in the face of unchanged NE levels may reflect a selective biochemical deviance that affects the adrenal medulla (which is the main origin of EPI in the periphery) or its regulation by the hypothalamo-pituitary axis. Alteration of this axis is conceivable in view of the growth retardation and delay of sexual maturation observed in LN subjects (Rossiter and Caskey 1994) . This sexual maturation delay was evident in our LN sample, where all three 12-yearold LN boys were still in Tanner stage 1 (range 1-5), two of the three 17 year-old boys in stage 2, and the third of the 17 year-old in stage 4. A partial defect in the adrenocortical 11 beta-hydroxylation of steroids has been demonstrated after ACTH stimulation in four LN patients (Watts 1987) . However, thyroid function, which would affect adrenal function, was normal in all subjects of this study (assessed by blood thyroid screen).
Notwithstanding, EPI concentrations have not been assessed in any of the published biochemical studies of LN disease (Rockson 1974; Lake and Ziegler 1977; Silverstein et al. 1985; Jankovic et al. 1988) . In contrast, NE levels have been reported to be normal or reduced at baseline, and irresponsive to postural changes (Lake and Ziegler 1977; Rockson 1974) , or to exposure to cold (Rockson 1974 ).
Findings of normal NE and low DHPG support reduced noradrenergic function. Consistent with this hypothesis is the observation of normal blood pressure in the face of a chronic hyperarousal state. Indeed, LN subjects are characterized by a state of hyperexcitability. For example, the LN individual tends to react with an outburst of choreoathetoid movements when verbal or even only visual contact is initiated with him in the course of an interview with his family. In this context of hyperarousal (or hyperarousability), the absence of relatively elevated blood pressure may actually reflect a reduced function of the sympathetic system, as does the absence of noradrenergic response to postural changes. In addition, the elevated pulse rate in LN subjects compared to controls may reflect the higher adrenergic tone rather than the influence of the noradrenergic function, or the differences in age or in cardiovascular fitness between groups. The abnormally low DHPG levels may thus represent an adaptive mechanism to spare NE levels, possibly mediated by reduced MAO activity. This finding is consistent with the report of low CSF MHPG in 5 LN boys (Jankovic et al. 1988) , and low to normal plasma levels of NE in 14 LN subjects compared to controls (Lake and Ziegler 1977) . Of interest, central noradrenergic function was reported to be normal in postmortem biochemical analyses of NE concentration (Lloyd et al. 1981) , and in a genetic mouse model of LN (Jinnah et al. 1994 ).
In conclusion, peripheral catecholaminergic measures showed a dissociation of peripheral indices of noradrenergic and adrenergic measures, where adrenergic tone is enhanced whereas noradrenergic function is either reduced or compensated by decreased catabolism of NE, probably mediated by MAO hypoactivity. Given the evidence of abnormal adrenergic function peripherally, it would be of great interest to explore this system centrally. In addition, MAO function may also play an important role in the cerebral dopaminergic deficit that has been identified in previous work (Lloyd et al., 1981; Ernst et al., 1996; Wong et al., 1996) in LN subjects. Based on the present findings, we suggest that a reduction of MAO activity peripherally could be an adaptive mechanism for the sparing of NE concentrations. Such compensatory mechanism could also operate centrally. However, the clinical consequences of this adaptive mechanism is unclear. Indeed, the contribution to the aggressive behavior of the putative reduced MAO activity in LN disease is to be considered, based on the report of unusual aggressiveness associated with the lack of MAO-A in human males (Brunner et al. 1993 ) and in transgenic male mice (Cases et al. 1995) . Finally, the high adrenergic tone may play a role in some of the accompanying symptoms of LN such as dysphagia, which is a severe problem for many subjects with LN disease, since EPI is a neurotransmitter active in smooth muscles.
